RNA cleaving molecules were synthesized by conjugating imidazole residues imitating the essential imidazoles in the active center of pancreatic ribonuclease to an intercalating compound, derivative of phenazine capable of binding to the double stranded regions of polynucleotides. Action of the molecules on tRNA was investigated. It was found, that some of the compounds bearing two imidazole residues cleave tRNA under physiological conditions. The cleavage reaction shows a bell-shaped pH dependence with a maximum at pH 7.0 indicating participation of protonated and non-protonated imidazole residues in the process. Under the conditions stabilizing the tRNA structure, a tRNA As P transcript was cleaved preferentially at the junctions of the stem and loop regions of the cloverleaf tRNA fold, at the five positions C56. C43, C 20 .i, U 13 , and U 8 , with a marked preference for C 56 . This cleavage pattern is consistent with a hydrolysis mechanism involving non-covalent binding of the compounds to the double-stranded regions of tRNA followed by an attack of the imidazole residues at the juxtaposed flexible single-stranded regions of the molecule. The compounds provide new probes for the investigation of RNA structure in solution and potential reactive groups for antisense oligonucleotide derivatives.
INTRODUCTION
Small molecules capable of cleaving nucleic acids can find a variety of important applications in molecular biology and, perhaps, in development of new therapeutics. Such molecules could serve as probes for the investigation of nucleic acid structure in solution (e.g. 1 -6) , as models of active centers of nucleases (7) , and as catalytic reactive groups for the design of efficient antisense oligonucleotide derivatives capable of cleaving specific nucleic acid targets for arresting the expression of certain cellular genes and irreversible inactivation of nucleic acids of infectious agents (e.g. 8, 9) .
A straightforward approach to design such molecules could be the imitation of active centers of ribonucleases. An interesting model is RNase A which is structurally well known (10, 11) and contains two essential histidine residues in its catalytic center (7, 12) (Fig. 1 ). The sufficiency of imidazole groups to imitate the ribonuclease active center has been suggested by the possibilty to hydrolyze RNA by incubation in concentrated imidazole buffer and cleavage of phosphodiester bonds of some model substrates by imidazoles conjugated to cyclodextrin (7) . Preliminary experiments using a synthetic histamine containing compound mimicking the active center of this ribonuclease pointed to the potential of such reagents to cleave RNA (13) . Also, cleavage of RNA by short histidine-containing peptides conjugated to acridine was reported (14) .
In this paper we describe the design of novel small molecules imitating the active center of RNase A (Fig. 2) . These molecules contain two imidazole residues conjugated to an intercalating dye by linkers of variable length and flexibility. The intercalating moiety was expected to bind to RNA and to bring the imidazoles close to the phosphodiester bonds to be hydrolyzed. The model RNA was a unmodified transcript derived from the sequence of yeast tRNA As P which has a conformation similar to that of natural tRNA As P (15) . This molecule contains both single-and double-stranded regions as well as higher order structures that provide a variety of possibilities for binding of intercalating compounds in different ribonucleotide environments. Using this model, it was found that the synthesized compounds readily and selectively cleave RNA under physiological conditions. Possible applications of these cleaving reagents for probing RNA conformations and as tools in the antisense oligonucleotide technology will be discussed.
MATERIALS AND METHODS

Chemical probes, RNA substrates and chemicals
The compounds I, n, IV-VI were synthesized by condensation of histamine with the activated pentachlorophenyl esters of the corresponding dicarboxylic or BOC-protected amino acids using standard methods (16) . For compounds HI-VI, the Nmethylphenazinium residue was attached to histamine or the appropriate peptide according to a described method (17) . The conjugates were purified by HPLC on a RPC-18 column. All the products were characterized by element analysis, NMR * To whom correspondence should be addressed 7, 12) . The figure emphasizes the role of the two histidine residues 119 and 12 that act as acidic and basic imidazolium and imidazole units, respectively, as well as the protonated side chain of lysine 41, that is believed to stabilize the pentacoordinated phosphorous intermediate during transition state. At this step the ester interchange to form a cyclic phosphate occurs, which cleaves the RNA chain. Then the formed 2',3'-cyclic phosphate ester is hydrolyzed by the enzyme. spectroscopy, and UV spectroscopy. Details of the synthetic procedures will be described elsewhere.
Wild-type aspartate specific tRNA transcripts were synthesized enzymatically in vitro using T 7 RNA polymerase and plasmids linearized by BstNl restriction enzyme essentially as described earlier (15) . Transcripts were 5'-end radiolabeled by dephosphorylation with alkaline phosphatase followed by phosphorylation with [Y- 32 P] ATP and polynucleotide kinase (18) . Labeling at the CCA 3'-end was performed by the ligation reaction with [ 32 P] pCp and T 4 RNA ligase (19) . After labeling, RNA transcripts were purified by electrophoresis in 12% denaturing polyacrylamide gels. The labeled RNAs were eluted from the gel by a solution of 125 mM ammonium acetate at pH 6.0 containing 0.5 mM EDTA and 0.025% SDS followed by precipitation with ethanol. The isolated transcripts were dissolved in water and stored at -20°C.
Radioactive cyanol, and subjected to electrophoresis through a denaturing polyacrylamide gel (12%, 7 M urea, 30x40x0.04 cm 3 ). For calibration of cleavage patterns, end-labeled RNA was statistically cleaved at guanosine residues by digestion with RNase T, or hydrolyzed by heating in 80% formamide. Partial RNAse T] hydrolysis was performed as described in (20) .
RNase A action and its inhibition
Incubations of RNA with variable amounts of pancreatic RNase (from Worthington, Freehold, NJ, USA) was done under the same buffer and temperature conditions as for cleavage reactions of RNA by the RNase mimics. Removal of RNase from solutions was done by filtration through Centricon-3 systems (Amicon Grace S.A., Epernon, France) with M r cut-off 3,000.
Quantitation of results
Quantitation of hydrolysis patterns was done using a FUJIX BioImaging Analyzer BAS 2000 system. Photostimulatable FUJI imaging plates (type BAS-III; Fuji Photo Film Co. Ltd, Japan) were pressed on dried gels and exposed at room temperature for 30 min. The imaging plates were analyzed by performing volume integrations of the target sites and reference blocks using the FUGIX BAS 2000 Work Station Software (version 1.1). Figure 4 . Secondary structure of the unmodified tRNA Asp transcript (21) . For facilitating transcription of the synthetic tRNA gene, the U, -A 72 base-pair was mutated to a G| -C 72 pair; this mutation is without effect on the conformation and identity of the transcript (15) . Sites of cleavage by the reagents IV-VI are marked with arrows. Arrows size is proportional to the cleavage efficiency. Figure 3 (A) displays a typical autoradiograph of the cleavage patterns of 5'-end labeled tRNA^P transcripts generated under identical buffer conditions at pH 7.0 by the six RNase mimics at a concentration of 1 mM, during 12 hours incubation time. It is clearly seen that derivatives I and II with two imidazole residues but lacking the intercalating group, or derivative III containing this group but only one imidazole residue, do not cleave the RNA under these conditions. Significant cleavages are obtained by derivatives IV-VI, but all of them generate the same hydrolysis pattern with one major, 4 medium, and several other extremely faint bands (Fig. 4) . However, the intensity of cuts appears to be the highest for compound IV. Noticeable is the low level of spontaneous degradation of the RNA (18, (22) (23) (24) , even after 12 hours incubation at 37°C (see the control lane). In another set of experiments, lower concentrations of the probes (10~3-10~5 M) were used to hydrolyze the tRNA transcript in the same conditions. As expected, no cuts were generated by compounds I-HI; for the other derivatives cleavage disappears already at 10~4 M (results not shown), indicating that optimal reaction conditions must be very stringent.
RESULTS
Differential cleavage efficiency of the RNase mimics
The autoradiograph in Figure 3B shows the cleavage patterns generated by compounds I-IV under identical conditions as above in panel 3(A), but for a reaction time of 48 hours (4-fold longer incubations). As expected, strong cleavages are generated by compound IV at the same positions as for the shorter incubations; however, the intensity of the faint bands increases and a hydrolysis ladder of weak intensity appears. Although some of these bands are present in the control, most of them are probe specific, but likely correspond to secondary or site unspecific cuts. A cleavage ladder also appears for compound IH, indicating the potential of imidazole to catalyze splitting of RNA, but indicating in addition that the intercalating group favors this potential by facilating contact of the probe with the RNA. This potential is suggested as well for compounds I and II, but in that case most of the cuts are also found in the control, although at a lower level.
According to the rationale which was behind the design of the six RNase mimics, it was satisfying to observe that the compounds lacking either the intercalator moiety or possessing only one imidazole residue do not generate significant cleavages. On the contrary strong cleavage requires both intercalator and two imidazole residues, or in other words requires binding potential to the RNA and the presence of the two catalytic groups as in natural RNases. The fact that cleavage is no more observed at 10~4 M could mean that the probes have lost their binding ability to the RNA, due to their rather weak affinity for the nucleic acid.
Taking into account all these results, we continued investigations using only the most efficient compound (derivative IV) employed at 1 mM concentration.
Search for optimal tRNA cleavage conditions by compound IV
The pH dependence of RNA hydrolysis by RNase A is well known (7, 12) and the rate of cleavage shows a characteristic bellshaped relationship versus pH which is accounted by the involvement of two essential imidazole moieties acting as general base and acid catalysts. Such a bell-shaped profile is also observed if the total amount of cleavage products of tRNA^P transcripts with compound IV is displayed as a function of the pH of the incubation mixtures (Fig. 5A ). Similar behavior is observed for the cleavage of tRNA at individual sites (Fig. 5B) . These profiles exhibit their maximum at about pH 7.0 when both imidazole moieties exist in an equimolar equilibrium between deprotonated imidazole and protonated imidazolium forms. Consequently these data provide strong arguments that the cleavage mechanism of the synthetic RNase mimics is similar to that of the natural enzyme. Figure 6 shows the temperature dependence of the cleavage reaction. It is seen, that the cleavage yield increases with increasing temperature up to 40 °C and then the reaction slows down. This effect can be explained by the melting of the RNA structure at 40°C and the unfolding of the stem regions of the tRNA molecule (17) which as a consequence hinder the binding of the intercalating groups near to the sites to be cleaved.
Specificity of cleavages
As seen in Figure 4 , the major cleavage point produced by compound IV is at position C 56 in the tRNA^P transcript. The less intense cuts concern positions U 8 , Ui 3 , C 2 o.i and C 43 . Extremely weak cuts are observed after C 31 , U 33 , U 35 , Cjg, C 3g , C 42 , U 55 , Ugo, C 74 and C 75 . The same major cuts were found when using compounds V and VI as the hydrolytic agents (see Fig. 3 ). Interestingly, all cleavages occur after pyrimidine residues, and for the most intense they occur within 5'-Py-A-3' sequences. This sequence specificity is characteristic of the cleavage specificity of pancreatic RNase, (25) . It may be noticed that 5'-Py-A-3' sequences are also sensitive points for RNA selfdegradation (18, (22) (23) (24) , so that it can be questioned whether the imidazole compounds would just enhance this sensitivity. Such effect, however, cannot primarily account for the properties of the imidazole compounds because the cleavage patterns in Table 1 . Nature and quantitation of major cleavages generated by an imidazole containing RNase mimic (compound IV) on yeast tRNA Asp The percentage of cleavage for individual minor sites (see Fig. 4 ) is less than 0.5% (total <4.5%) and the background level (degradations and/or extremely weak cuts of primary or secondary origin) at other positions is on the average less than 0.1 % per each position. controls and assays with the mimics are qualitatively and quantitatively different. This is especially the case for cleavages at U g and C 56 which are strong in the presence of reagent IV and are quasi-absent in the controls or with compounds I-HI (see Fig. 3 ).
At first glance this could be an extremely strong evidence for the existence of an efficient mimicry of the cleavage mechanism of the synthetic compounds with that of the pancreatic type RNases. However, because of this strong mimicry it could also 1 2 3 4 5 6 C L Tl be questioned about possible artefacts that could be due to the action of low amounts of contaminating RNases that could have been introduced accidentally in the reaction mixtures. To verify this point, we undertook a series of control experiments (Fig.  7) . First, pancreatic RNase was introduced on purpose within the reaction mixtures, and as seen in lanes 1 and 2 in Figure  7 , a degradation pattern of the tRNA is generated with major cuts at C 2 , C 3 , U 5> U g , U, 3 , C 20 .i, U 32 , U34, C 35 , C 43 and at the 3'-end of the molecule. We than filtered the solutions containing the high amounts of contaminating RNase through membranes with a cutt-off equal to M r 3,000 and found that this filtration retained well the nuclease of M r 13,700 since no significant cleavages could be detected on the gel (compare lanes  1 and 3 with lanes 3 and 4) . Since pancreatic RNase is one of the smallest RNase, the filtration procedure therefore would also remove putative other contaminating RNases. These experiments were the prerequisite of the comparative study of the hydrolysis of tRNA by filtered and non-filtered reagent samples. As seen in lanes 5 and 6, the cleavage patterns are identical, thus demonstrating that the observed cuts are not due to a contaminating RNase, but are actually generated by the chemical reagent.
The goal of the next set of experiments was to determine the exact nature of the main five cuts produced by reagent IV within the tRNA^P transcripts. Are these cuts of primary origin or are they secondary cuts (26) that could arise as a consequence of conformational changes in the RNA after the first cleavage at C 56 ? For this purpose we compared the cleavage patterns of tRNA transcripts labeled at either the 3'-end or the 5'-end. Experiments revealed the same cuts in both cases (Table 1) , clearly demonstrating that there is no significant difference between the distribution of cleavage for differently labeled transcripts. Thus, all the five major cuts are primary cuts. Notice the marked preference of the probe to cleave the tRNA at C 56 , a fact better apparent when comparing digitalized data from electrophoretograms than by visual inspection of the cleavage patterns on autoradiograms.
The time course of tRNA As P cleavage by reagent IV was done under the optimal reaction conditions (i.e. at pH 7.0 and 37°C). Within the first 10 hours, the percentage of cleaved RNA increased with time (Fig. 8A) , but the rate of hydrolysis decreased for longer incubations. At the same time non-specific degradations of the RNA were observed to increase steadily. One can suppose that most of these non-specific degradations are secondary cuts, and we note that they appear in a rather statistic way. Consistent with this view, the slight decrease of the quantity of the major cleavage product at C^ was observed after 24 hours of incubation with reagent IV (Fig. 8B) .
DISCUSSION AND PERSPECTIVES
Several recent studies were directed to the development of reagents that cleave RNA by promoting transesterification of the phosphodiester linkage of RNA (e.g. [27] [28] [29] . A number of small molecules such as ethylnitrosourea, capable of cleaving RNA hydrolytically are well known, but present only moderate cleavage efficiency (1) . Some metal ions and metal complexes are known as well to cleave RNA (e.g. reviewed in 28), and one of them, namely Pb 2 " 1 " (30), was found to be a useful probe for investigating the conformational state of RNA molecules (e.g. 31,32), because for cleavage by this ions a special environment of ligands is needed, which is realized in some RNA substrates having the corresponding tertiary folding (33) . However efficient methods for binding metal ions to the addressing ligands which would deliver them to the sequences to be cleaved remain to be developed. From another point of view, attempts have been made to develop small organic molecules which could serve as catalytic cleavers of RNA. Logically, the first experiments were aimed at the development of mimics of the active center of RNases (e.g. 6, 7, 13, 14, 29) . For instance, it was observed that conjugates of small histidine-containing peptides with acridine hydrolyze RNA, although with low efficiency (14) .
The data presented in this paper demonstrate the potential of a new series of RNase A mimics to split RNAs in a specific way. Amongst the compounds assayed, those containing the planar intercalating and cationic phenazinium ring linked to the pair of imidazole moieties gave the highest yield of RNA degradation, with up to 60% of the starting RNA material being cut at specific positions. This high splitting level ranks the novel reagents among the most efficient RNase mimics so far described. The fact that the elimination of one imidazole moiety in the cleavers results in a dramatic loss of their activity, and that the relative positioning of the two imidazoles with respect to the phenazinium ring modulates the cleaving efficiency, suggest that this activity requires specific spatial organization of the catalytic groups as in the case of enzymes.
By analogy with the enzymatic mechanism demonstrated for RNase A (12), a cleavage event catalyzed by the mimics results in formation of a fragment having a 5'-hydroxyl and the other fragment having a 3'-phosphate group. This conclusion is supported by the electrophoretic mobility of the degradation products that migrate like oligonucleotides generated by RNase T] or formamide hydrolysis. From the observed cleavage patterns we infer that the cleavage specificity is provided by the non-covalent binding of the intercalating group of the compounds to the double-stranded regions of the RNA in proximity of pyrimidine sequences providing favorable exposure, orientation, and conformational freedom needed for efficient interaction of imidazole moeities with ribose residues and phosphodiester groups. The binding of the reagents to the RNA might be strenghtened by the cationic nature of the phenazinium ring that favors electrostatic contacts with the phosphate groups of the nucleic acid. The lack of cleavage within the double-stranded regions of RNA can be explained by the inability of the imidazole residues to approach the ribose and phosphate moieties in the double-stranded regions of RNA in the fashion needed for the cleavage to occur. It could also result from a higher rigidity of the RNA structure in these regions preventing the conformational change needed for the transesterification step of the reaction. Finally lack of cleavage may reflect the binding specificity of the reagents to the tRNA.
In tRNA^P transcripts, the major cleavage site at C 56 in the T-loop, is located in the core of the molecule, in a region near to potential intercalating sites. This site accounts for about half of the cleavages; it is however only weakly cleaved by pancreatic RNase (see Fig. 6 ), likely because the T-loop region of tRNA is not well accessible to the more bulky nuclease. Most of the other strong cleavages catalyzed by the chemical reagents occur at the same locations as those obtained by the RNase (e.g. U 8 , UB, C 2 o.i and C 43 ; compare Figs 3 and 6). These sites are located within or near helical regions of the tRNA where interaction of the phenazinium ring is the easiest, thus favoring an affinity-addressed cleavage process. In contrast, the strong cuts produced by pancreatic RNase in the anticodon loop (see Fig. 6 ) become much weaker when cleavage is catalyzed by the mimics, likely because the loop is not a good ligand for the artificial RNases.
Different types of applications can be envisaged for the new RNA cleaving reagents. Because of their small size, their cleavage specificity, and their efficiency to react under mild conditions maintaining the native structure of RNAs, these compounds represent a new family of tools to study RNA conformation. As suggested by the present work with the model tRNA^P molecule, cleavages are favored at stem-loop junctions, especially if such junctions belong to higher order structures. Existence of this type of structures is likely in many RNAs, and the RNase mimics developed here may represent convenient probes to search them. Also, because of their sensitivity to conformational features, these artificial nucleases might be used for comparison of structures of mutant tRNAs and of other RNA molecules. Finally, the efficiency of RNA cleavage by compounds IV to VI makes these molecules attractive prototype reactive groups for the design of second generation antisense oligonucleotide derivatives that could find novel applications for inactivation of RNAs in gene targeted therapeutics. Experiments are underway to explore these different possibilities.
